Stacking between aromatic amlno acids and nucleic acid bases may play an Important role in the interaction of enzymes with nucleic acid substrates. In such circumstances, disruption of base aromaticity would be expected to decrease enzyme activity on the modified substrates. We have examined the requirement for DNA base aromaticity of five enzymes that act on singlestranded DNA, T4 polynucleotlde kinase, nucleases P1 and S1, and snake venom and calf spleen phosphodiesterases, by comparing their kinetics of reaction with a series of dlnudeoside monophosphates containing thymldlne or a ring-saturated derivative. The modified substrates contained either c/s-5/?,6S-dlhydro-5,6-dlhydroxythymidlne (thymidine glycol) or a mixture of the 5/7 and 5S isomers of 5,6-dihydrothymldine. It was observed that for all the enzymes, except snake venom phosphodiesterase, the parent molecules were better substrates than the dlhydrothymldlne derivatives, while the thymidine glycol compounds were significantly poorer substrates. Snake venom phosphodiesterase acted on the unmodified and dihydrothymidine molecules at almost the same rate. These results Imply that for all the remaining enzymes base aromaticity Is a factor in enzyme-substrate Interaction, but that additional factors must contribute to the poorer substrate capacity of the thymidine glycol compounds. The influence of the stereochemistry of the dihydrothymidlne derivatives was also Investigated. We observed that nuclease P1 and S1 hydrolysed the molecules containing 5/7-dlhydrothymldine approximately 50-tJmes faster than those containing the S-lsomer. The other enzymes displayed no measurable stereospeciflclty.
INTRODUCTION
Protein recognition of DNA involves a combination of electrostatic, van der Waals, hydrophobic and hydrogen-bonding interactions. Several studies have shown that the presence of aromatic amino acids in both small and large peptide chains enhance binding to single-stranded DNA by interaction with the nucleic acid bases in the form of either stacking or other hydrophobic interactions (1) (2) (3) (4) . Clearly, where stacking is involved, aromaticity of the bases must play an important role.
In previous studies we have used model compounds to begin to elucidate the substrate elements required for full activity of a series of enzymes which act on single-stranded DNA (5) (6) (7) (8) (9) . The enzymes include T4 polynucleotide kinase, which catalyses the phosphorylation of terminal 5 '-hydroxyl groups of DNA and RNA polynucleotides, oligonucleotides and 3'-mononucleotides; nucleases PI and SI, which are single strand specific endonucleases and also possess 3'-phosphatase activity; and snake venom and calf spleen phosphodiesterases, which are exonucleases that cleave DNA in a 3' to 5' and 5' to 3' direction, respectively. An important reason for examining these particular enzymes is their widespread use in assays for DNA damage (10, 11) . Studies with 'dinucleotides' lacking either a 3' or 5' base (7, 9) indicated that under usual conditions of reaction, (i) polynucleotide kinase requires a base attached to the sugar residue that is to be phosphoryfated, (ii) nucleases PI and SI interact with the base 5' to the intemucleotide phosphate group, (iii) snake venom phosphodiesterase interacts with the base 3' to the phosphodiester linkage, and (iv) calf spleen phosphodiesterase interacts with both bases flanking the phosphodiester linkage, but has an absolute requirement for the 5' base. In the experiments reported here, we have addressed the question of the importance of aromaticity of the bases in the enzyme-substrate interactions.
Previously, we and others (6, 8, 12, 13) have observed that several base modifications that result in loss of aromaticity, including cyclobutane and 6-4 photoproducts of thymidylyl(3'-5')thymidine and thymine glycols, can severely inhibit the action of these and other enzymes, such as DNA polymerases (14) . However, these particular base modifications also introduce relatively large steric distortions to the substrate (15) (16) (17) (18) . Reduction of thymine to dihydrothymine, on the other hand, causes less distortion (17) , while still resulting in loss of aromaticity. This study presents a comparison of the reactivity of the enzymes towards dinucleoside monophosphates and 3'-mononucleotides containing thymidine, cis-5R,6S-dihydro-5,6-dihydroxythymidine (thymidine glycol, T 8 ) and a mixture of the 5R and 55 isomers of 5,6-dihydrothymidine (T*) ( Figure 1 ). In addition to the question of base aromaticity, we have also examined differences in substrate reactivity related to the stereochemistry of dihydrothymidine.
EXPERIMENTAL PROCEDURES Chemicals
Thymidine, dihydrothymidine, thymidine 3'-monophosphate and the oligodeoxyribonucleotides d-ApT and d-TpA were purchased from Sigma Chemical Co. (St. Louis, MO). Potassium permanganate and rhodium on alumina powder were obtained from Aldrich Chemical Co. (Milwaukee, WI).
Enzymes
Snake venom phosphodiesterase (Crotalus adamanteus, type II), adenosine deaminase, and prostatic acid phosphatase were supplied by Sigma Chemical Co. Nuclease PI, nuclease SI, and calf intestinal phosphatase were purchased from Boehringer Mannheim Canada (Dorval, PQ) and calf spleen phosphodiesterase and T4 polynucleotide kinase from Pharmacia Canada (Baie d'Urfe', PQ). Unit definitions of the enzymes are as follows: T4 polynucleotide kinase-1 unit catalyzes the transfer of 1 nmole of phosphate from ATP to duplex DNA partially digested with micrococcal nuclease in 30 min at 37°C; nuclease PI-1 unit hydrolyzes 1.0 /unole equivalent of RNA phosphodiester linkages per min at pH 5.3 at 37°C; nuclease SI-1 unit causes 1.0 /tg of heat denatured DNA to become acid soluble per minute at 37°C at pH 4.5; snake venom phosphodiesterase-1 unit hydrolyzes 1.0 ng of bis(p-nitrophenyl) phosphate per min at pH 8.8 at 37°C; calf spleen phosphodiesterase-1 unit produces 16 AU 26 onm of nucleotides from RNA in 30 min at 37°C at pH 6.5 in a 2 ml reaction mixture (19) .
Preparation of substrates
The synthesis and NMR characterization of these molecules will be more fully described elsewhere (20) . Dinucleoside monoohosohates containing a T* were prepared by oxidation of d-ApT and d-TpA with KMnO4 (21), and Th-containing compounds by rhodium-catalyzed hydrogenation of the parent molecules (22) . NMR analysis indicated that the Ts-compounds isolated contained only me 5R,6S isomer of cis-thymine glycol. d-ApT* was shown to contain a mixture of the 5S and 5R isomers of dihydrothymine in a ratio of ~2:1, d-T^A contained the isomers in a ratio of -1:1, and 3'-T h MP had an isomeric ratio of ~2:1. Digestion by nuclease PL Dinucleoside monophosphates (25 nmol) were incubated at 37°C with 0.3 unit of nuclease PI (and 0.25 unit of prostastic acid phosphatase for the reaction of dT^pA) in 250 /xl of buffer (10 raM sodium acetate, pH 5.3, 1 mM ZnSO 4 ). Aliquots (100 /xl) were withdrawn at various time intervals and the reaction in each was quenched by addition of 2.5 /xl of 0.5 M EDTA. The samples were held on dry ice until analysis by HPLC for the disappearance of substrate and appearance of reaction products.
HPLC conditions and retention times
The nuclease PI concentration in the reaction mixture was increased to 12 units/ml and the prostatic acid phosphatase was omitted in the reactions with 3'-mononucleotides.
Digestion by nuclease SI. For each time point, 5 nmol of dinucleoside monophosphate was incubated at 37°C with 250 units of nuclease SI in 100 /xl of buffer (10 mM sodium acetate, pH 4.3, 50 mM NaCl, 1 mM ZnCy. Reactions were stopped by addition of 2.5 til of 0.5 M EDTA and held on dry ice until analysed by HPLC.
Digestion by snake venom phosphodiesterase. Dinucleoside monophosphates (50 nmol) were incubated at 37°C with 0.001 units of die phosphodiesterase, 50 mM Tris-HCl (pH 7.6), and 10 mM MgCl 2 in a total volume of 0.5 ml. At the times indicated in Figure 6 , 50 ttl aliquots were removed, added to 5 /xl 0.5 M EDTA and stored frozen until analysed.
Digestion by calf spleen phosphodiesterase. For each time point, 5 nmol of dinucleoside monophosphate was incubated in 100 mM Tris-HCl (pH 7.6) at 37°C with 0.02 unit of phosphodiesterase. Reactions were stopped by addition of 1 /tl 0.5 M EDTA and stored frozen until analysed. Because deoxyadenosine comigrated with d-T^pA, adenosine deaminase (0.4 units) was included in the reaction to convert deoxyadenosine to deoxyinosine.
RESULTS

Phosphorylation by T4 polynucleotide kinase
The kinetics of phosphorylation of d-TpA and its two congeners, shown in Figure 2A , reveal that replacement of thymine with dihydrothymine reduced the initial rate of reaction -3-fold, but replacement with thymine glycol reduced the rate almost 200-fold (note the time units for d-T8pA are hours).
The reaction of d-l^pA was further examined to compare die phosphorylation of both isomers. Two reactions were allowed to proceed to 33 and 71 % phosphorylation, respectively, and die phosphorylated products purified from each. They were men digested with snake venom phosphodiesterase and calf alkaline phosphatase, and the ratio of 5R to 55 dihydrothymidine compared by HPLC analysis. Figure 3 shows the outcome after 33 % reaction, and indicates diat bodi isomers are equally good substrates. Similar results (not shown) were obtained for the 71 % phosphorylation reaction.
Since die d-T^A we had purified was composed of an almost exacdy 1:1 mixture of the R and S dihydrothymine isomers and the isomeric d-T^pA molecules were phosphorylated at identical rates, we were able to derive Kn, and V^, values for d-T^pA from a double reciprocal plot ( Figure 2B ) of reaction velocity vs substrate concentration (23) . The V,,^ value for d-TpA was virtually die same as diat for the parent compound, 0.014 nmol/min and 0.013 nmol/min, respectively. However, there was an almost 40-fold difference in Knj values, 51.9 /xM for d-T^pA Hydrolysis by nuclease PI and SI The effect of thymidine modification on die rate of hydrolysis by nuclease PI is shown in Figure 4 . The diymine glycol derivative was almost totally refractory to digestion by the enzyme. Hydrolysis of d-T*pA could be raised to 15% after 24 h by increasing the enzyme concentration 12-fold. The rate of digestion by nuclease PI was also affected by reduction of the thymine, but the influence was dependent on the stereochemistry of die dihydrothymine moiety. The /?-isomer of d-T^pA is hydrolyzed approximately 20-fold slower than die parent dinucleoside monophosphate, but approximately 50-times faster dian the 5-isomer. As shown in Figure 4B , die stereospecificity of hydrolysis by the enzyme accounts for die biphasic nature of the curve for the rate of reaction widi d-l^pA. In addition to being an endonuclease, nuclease PI also has a 3'-phosphatase activity. We, therefore, examined the influence of thymine modification on this activity by measuring the dephosphorylation of thymidine 3'-monophosphate and its reduced derivatives. The outcome was qualitatively similar to the results obtained with the dinucleoside monophosphates, although the enzyme concentration had to be increased 10-fold in order to see measurable levels of hydrolysis of the S-isomer. Figure 5 shows the stereospecificty of hydrolysis of 3'-T*MP.
SI nuclease is an endonuclease with similar properties to nuclease PI. Not surprisingly, we observed that S1 nuclease was unable to cleave d-T«pA and displayed the same discrimination towards the d-T*pA isomers as nuclease PI (data not shown).
Hydrolysis by snake venom phosphodiesterase
There was a marked contrast in the response of the two modified d-ApT derivatives towards snake venom phosphodiesterase ( Figure 6 ). While d-ApT* displayed virtually identical kinetics to the parent compound, d-ApT* remained totally refractory to the enzyme at a concentration of 0.002 unit/ml. Only after increasing the concentration of the phosphodiesterase four-fold was a limited degree of reaction with d-ApT* observed (13% hydrolysis after 5 h). The R and 5 isomers of d-ApT* were digested at the same rate.
Hydrolysis by calf spleen phosphodiesterase
The activity of calf spleen phosphodiesterase is influenced by the 5' and 3' bases flanking an interaucleotide phosphodiester group (7). Consequently, we looked at the kinetics of hydrolysis of both the d-TpA and d-ApT series of compounds (Figure 7) , and in accordance with our previous observations with this enzyme, it was again observed that modification of either one of die bases affected enzyme activity. The dihydrothymidine derivatives showed only moderately reduced (-3-fold) rates of hydrolysis compared to the parent compounds, and no significant difference was observed between the rates of hydrolysis of the R and 5 isomers of either d-T^pA or d-ApT*. A thymine glycol, in either a 3' or 5' position, reduced the rate by at least two orders of magnitude. Our results with d-T«pA and calf spleen phosphodiesterase are in good agreement with Maccubbin et al. (25) , who, in addition, observed that the 5R,6S-isomer of dT«pA was hydrolysed considerably slower than the 5S,6R-isomer.
DISCUSSION
NMR analysis of the substrates used in this study has shown that, with the exception of d-T«pA, the distortion caused by reduction and oxidation of the pyrimidine within the dinucleoside monophosphate is confined to the modified base, with no significant change to sugar conformation or glycosidic torsion angle (20) . Thus, apart from d-T*pA, the differences in substrate capacity reported here are attributable solely to the base modification. The thymine glycol in d-T*pA appears to have a higher syn population than thymine in the parent compound, which may contribute to its poor reactivity. Ogilvie and Hruska (26) showed that replacement of uracil by 6-methyluracil in the dinucleoside ApU changed the predominant conformation of the pyrimidine from anti to syn and rendered the dimer resistant to snake venom phosphodiesterase. The primary focus of this study concerns the importance of base aromaticity in enzyme-substrate interactions. It is clear that all five enzymes examined were able to act to an appreciable extent on substrates containing dihydrothymine, implying that base aromaticity is not an absolute requirement for enzyme function. However, polynucleotide kinase, nuclease PI, nuclease SI, and calf spleen phosphodiesterase reacted more slowly with the dihydrothymine derivatives than with the parent compounds, indicating a potential enhancement to the interaction between enzyme and substrate if the substrate has an aromatic base. In the case of polynucleotide kinase, this was shown to be the result of reduced affinity for the substrate rather than a decrease in the rate of phosphorylation of bound substrate. This would suggest that the substrate binding site in the kinase either has a relatively narrow groove, so that it is advantageous for the substrate to be planar, or that there is a contribution to binding from hydrophobic bonding and London dispersion forces associated with the stacking of aromatic systems. Although die DNA sequence of the pseT gene, which codes for T4 polynucleotide kinase, has been determined (27) , a substrate binding site has not been unambiguously identified, so it remains to be seen whether it contains aromatic amino acids.
The reduced reactivity of d-T^A with nuclease PI would be anticipated from the structure of the enzyme recently determined by X-ray crystallography (4) . Two binding sites have been proposed on the basis of soaking enzyme crystals with d-Ap(S)A (an uncleavable thiophosphorylated substrate analog), and bodi appear to involve potential stacking interactions with aromatic amino acids. In one case, the substrate is sandwiched between two tyrosine side chains, and the odier has the substrate stacked between a phenylalanine and a valine.
A curious feature of die enzyme-substrate model put forward by Volbeda et al., (4) is that the enzyme appears to bind to die 3'-nucleoside in d-Ap(S)A. For die following reasons, we consider it far more likely diat nuclease PI binds to die 5'-nucleoside of a normal (i.e. non-thiophosphorylated) dinucleoside monophosphate: (i) the enzyme has a 3'-phosphatase activity capable of removing the phosphate group from nucleoside 3'-monophosphates, (ii) the enzyme, as demonstrated here, shows an identical pattern of reactivity towards die sets of substrates derived from d-TpA and 3'-TMP, suggesting that the phosphatase and phosphodiesterase activity of nuclease PI involve die same active site(s), and (iii) mere is no discernable effect on die rate of hydrolysis when an abasic site lies 3' to die phosphodiester bond, but die isomeric compound with a 5' abasic site is refractory to die enzyme (7) .
Nuclease PI and SI reacted considerably slower with the 5-isomer of d-T^pA man widi die R isomer. The NMR analysis of bodi isomers shows diat die saturated pyrimidine ring takes up a distorted half-chair conformation, widi C5 and C6 on opposite sides of a plane defined by Nl, C2, N3, and C4, and diat the mediyl substituent at C5 lies in a pseudo-equatorial position. Thus, a possible cause for the difference in reactivity of die two isomers is die steric disposition of die pseudo-axial protons at C5 and C6.
Clearly, loss of base aromaticity contributes to only a minor extent, if at all in die case of snake venom phosphodiesterase, to the grossly diminished rates of reaction shown by all die enzymes towards die thymine glycol containing substrates. The poorer substrate capacity must be primarily due to die addition of die two hydroxyl substituents which could disrupt interaction with die enzymes by steric hindrance, altered hydrophobicity, and potentially aberrant hydrogen bonding.
A practical outcome of diis study is die bearing it has on the use of diese enzymes in postlabeling assays for dihydrodiymine, diymine glycol and odier saturated pyrimidine species produced in DNA by ionizing radiation and various oxidative processes. Indeed, one of our objectives was to see if die loss of pyrimidine ring aromaticity would generally favour one technique over another. This we have plainly shown not to be the case. The three main posdabeling procedures require digestion of damaged DNA by different sets of nucleases: (a) calf spleen phosphodiesterase and micrococcal nuclease, which release die lesion as a nucleoside 3'-monophosphate (28); (b) nuclease PI and phosphatase, which release some lesions in the form of a dinucleoside monophosphate widi die damaged base at the 5'-end (29) ; and (c) DNase I, snake venom phosphodiesterase and phosphatase, which release some lesions as a dinucleoside monophosphate widi die damaged base at die 3' end (30) . In all cases die damage-containing species are end-labeled by polynucleotide kinase and [Y-^PJATP. Several groups have used die calf spleen phosphodiesterase approach to detect diymine glycols (12,13) but, as with d-TSpA, thymidine glycol 3'-monophosphate is a poor substrate for polynucleotide kinase and die efficiency of labeling is low. We have previously demonstrated that diymine glycol can be readily detected by die snake venom phosphodiesterase-based procedure (30) . (An advantage of diis protocol is diat die kinase acts on the normal 5'-nucleoside in die lesion-containing dinucleoside monophosphate.) It is apparent from die present study, however, diat dihydrodiymine will not be detectable by diis approach since die lesion does not prevent venom phosphodiesterase from cleaving die adjacent 5'-phosphodiester bond. On die odier hand, die lesion should be detectable as die labelled 5',3' nucleoside diphosphate following digestion of damaged DNA by calf spleen phosphodiesterase and micrococcal nuclease since S'-T^MP, like d-T^pA, is a good substrate for polynucleotide kinase. It may also be possible, widi careful use of nuclease PI or SI, to assay specifically for die 5-isomer of dihydromymine as a dinucleoside monophosphate. Aldiough it appears diat addition of relatively bulky substituents to C5 and C6 of mymine (e.g. diymine glycols and cyclobutane pyrimidine dimers) would favour die snake venom phosphodiesterase procedure, die best mediod for quantifying odier saturated pyrimidine lesions will probably need to be determined empirically.
